the 7-valent conjugate vaccine (PCV7; which contains serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F) in the United States, this vaccine was introduced in the United Kingdom in September 2006, with doses at 2, 4, and 13 months of age, together with a catch-up campaign for individuals up to 2 years old [4] . Uptake rates of 92% and 87% were reported for 2 and 3 doses, respectively, in 2009 [5] . PCV7 was replaced by the 13-valent Numerous studies have reported pronounced decreases in the incidence of IPD due to serotypes covered in the vaccine following the introduction of PCV7 among children in both targeted and nontargeted populations [6] [7] [8] [9] . However, there are also reports of increased rates of IPD due to serotypes not found in PCV7, with serotype replacement detrimentally impacting overall vaccine success [8, 10] . These studies were conducted before the introduction of PCV13: there are currently few published investigations of the impact of PCV13 or nonvaccine types (NVTs) on IPD incidence [11] .
Here, we investigate the IPD incidence in one United Kingdom region over 17 years (1996-2013) , extending previous analyses by using updated data [6] , and compare trends before the introduction of PCV7 to children aged <2 years, after PCV7 introduction but before PCV13 introduction, and after PCV13 introduction.
MATERIALS AND METHODS

Patient Population
Cases of invasive pneumococcal disease were identified from the Oxford Invasive Pneumococcal Surveillance Group; the study has been ongoing since January 1996 and covers a population of approximately 3 million people of all ages [12] . Ten hospital microbiology laboratories (Oxford University Hospitals, Stoke Mandeville Hospital, Milton Keynes General, Bedford Hospital, Kettering General, Royal Berkshire Hospital, Northampton General, Wycombe General, and Wexham Park) submitted isolates and available basic clinical information, using standardized case report forms, from 1996 onward. The network expanded to include Southampton General Hospital, from November 2005 onward, and the Royal Sussex County Hospital Brighton, from April 2009 onward. Acute care is almost exclusively provided by National Health Service (NHS) hospitals. However, laboratories in the region process samples from private hospitals, as well as from NHS hospitals and primary care. Invasive pneumococcal infections were defined as normally sterile samples (blood, cerebrospinal fluid, or joint fluid) from which S. pneumoniae was isolated. Available demographic information included age, sex, and clinical diagnosis, when made available to the laboratory. According to national data, approximately 2% of individuals (60 000) in the surveillance region are <2 years old [13] . Latest census data suggests 78% of Oxfordshire residents and 86% of England residents classify themselves as white [14] . As a component of Public Health England's surveillance, limited patient data were available under section 251 of the NHS Act 2006.
Isolates
Isolates from participating laboratories were processed in accordance with standard microbiological techniques in a single laboratory in Oxford [12, [15] [16] [17] . Serotyping results were returned to maintain interest in participation. Isolate numbers were monitored annually, and hospitals were contacted regarding case ascertainment if variability increased. For quality control, all isolates were previously designated as nontypeable or as serotype 6A [6] , and all rare serotypes (<8 isolates per serotype in our study) were retyped, resulting in serotype reassignment of 15 of 33 nontypeable strains, 20 of 141 serotype 6A strains, and 10 of 48 rare strains. Serotypes were termed vaccine serotypes, either PCV7 or PCV7 + 6 (for the additional serotypes contained in PCV13), and NVTs (for serotypes not covered by either vaccine). No isolates were received from 2 hospitals (Reading and Stoke Mandeville) in 2003-2005; the calculated incidence rates took account of this (see below).
Susceptibilities were determined for penicillin (using oxacillin), cefotaxime, chloramphenicol, erythromycin, and tetracycline in accordance with 2013 Eucast Guidelines (as testing used Iso-Sensitest agar) [16] . All strains determined as being penicillin resistant underwent minimum inhibitory concentration (MIC) testing for penicillin and ceftriaxone, using Etest (Biomerieux, France).
Data Analysis
Data were analyzed using Stata, version 12.1 (StataCorp, College Station, TX). Changes in the incidence of IPD in each financial year from April 1996 to March 2013, overall and by serotype group (PCV7, PCV7 + 6, and NVT) before the introduction of PCV7 (September 2006) and before the introduction of PCV13 (April 2010) were compared by means of Poisson regression analysis, using annual population estimates derived from the United Kingdom Office for National Statistics [13] ; analyses accounted for Southampton hospital joining the study halfway through a financial year and for periods when no isolates were submitted. Financial years (which begin in April and end in March) were used rather than years defined by the period from August to September, as published previously [6] , to provide 3 full years of post-PCV13 observations. Continuous year-on-year trends were fitted, allowing the per annum trend to change in September 2006 (halfway through the financial year) and April 2010. Overall results were similar, incorporating a discontinuous instantaneous change in rate when new hospitals joined in November 2005 and April 2009 or when restricting to hospitals submitting isolates throughout the study (data not shown). For categorical analyses by serotype, any serotypes containing <8 isolates across the entire study were grouped with other serotypes. Proportions were compared using the χ 2 test or Fisher exact test (if <5% or <5 observations in any cell). ; pneumonia accounted for a smaller proportion of cases among children aged <2 years, compared with the older group (13.5% vs 35.5%); and bacteremia accounted for a similar proportion (48.2% and 55.9%, respectively; overall P < .0001). There was no change in the burden of meningitis as a proportion of documented diagnosis over time among children aged <2 years (38% before PCV7 introduction, 41% after PCV7 introduction but before PCV13 introduction, and 35% after PCV13 introduction; P = .87).
RESULTS
Isolates
Incidence of IPD During April 1996-March 2013
A total of 3030 isolates (61.4%) were recovered before PCV7 introduction (April 1996-August 2006), 942 (19.1%) were recovered during the period after PCV7 introduction and before PCV13 introduction (September 2006-March 2010), and 963 (19.5%) were recovered after PCV13 introduction (April 2010-March 2013).
Overall, IPD incidence was declining slightly but significantly before PCV7 introduction by 2% per annum (P < .001; Figure 1A, Table 1, and Supplementary Table 1) , with a mean of 9 cases/100 000 persons for all patients, 8/100 000 for those aged ≥2 years, and 42 cases/100 000 for those aged <2 years. Although the overall IPD incidence declined by 18% per annum among children aged <2 years after PCV7 introduction (P < .001), the incidence increased by 7% per annum in individuals aged >2 years (P < .001), leading to an overall increase of 5% per annum in the entire population (P < .001). The incidence only started to decline at the population level and in those aged ≥2 years after the introduction of PCV13 (by 16%-18% per annum; P < .001, for both comparisons). The IPD incidence remained stable following PCV13 introduction in children aged <2 years (estimated per annum increase, 10%; P = .49) but with very few cases following the substantial IPD declines with PCV7 introduction (only 15 IPD cases each year in children aged <2 years for 2011-2012 and 2012-2013; results were similar when the hospitals which joined in 2005/ 2009 were excluded [data not shown]). Following the introduction of PCV7, the incidence declined with a similar pattern in 2-5-year-olds and children aged <2 years, whereas the changes in incidence were similar in older children and adults (Figure 1B) . The lowest incidence was observed in individuals 6-17 years of age, and the highest incidences were observed in individuals aged <2 years or >65 years.
Incidence of IPD Due to PCV7 Serotypes, PCV7 + 6 Serotypes, and NVTs
As expected, the patterns of incident IPD due to PCV7 serotypes, PCV7 + 6 serotypes, and NVTs were qualitatively different ( Figure 2 , Table 1, and Supplementary Table 1) . Before PCV7 introduction, the incidences due to each serogroup were fairly stable in all ages, although there was evidence of a peak in incidence in children aged <2 years between 1999-2002, driven by a prolonged outbreak of serotype 14 disease, and some evidence that the incidence due to the PCV7 + 6 serogroup was declining by 2% per annum in individuals aged ≥2 years, from a peak at the start of the study.
The most striking difference between groups of serotypes was observed following the introduction of PCV7, with IPD due to these strains declining by 76% per annum and 41% per annum in children aged <2 years and individuals aged ≥2 years, respectively, from September 2006 through April 2010 (P < .001; Figure 2 and Table 1 ). IPD due to PCV7 + 6 serotypes and NVTs increased significantly in individuals ≥2 years during the same period (by 29% per annum and 21% per annum, respectively; P < .001 for both). Smaller and nonsignificant increases in IPD due to PCV7 + 6 serotypes and NVTs were also observed in children aged <2 years (7% per annum for both; P = .63 and P = .61, respectively). Thus, in children aged <2 years, in whom PCV7 serotypes accounted for the vast majority of IPD cases before 2006 (76%), the substantial decline in the IPD incidence due to PCV7 serotypes outweighed the modest increases in IPD incidence due to both PCV7 + 6 serotypes and NVTs, leading to a modest decline in the overall incidence ( Figure 1A ). In contrast, in individuals aged ≥2 years, for whom PCV7 serotypes accounted for a smaller proportion (50%) of IPD cases before 2006, the increase in incidence due to PCV7 + 6 serotypes and NVTs after PCV7 introduction reversed the reductions in the IPD incidence due to PCV7 serotypes, leading to a modest increase in incidence overall. Of interest, similar incidence trends were observed for PCV7 + 6 serotypes after the introduction of PCV13 in April 2010, with significant declines of 64% per annum (P = .01) and 46% per annum (P < .001) in children aged <2 years and individuals aged ≥2 years, respectively. The incidence of IPD due to PCV7 serotypes remained unchanged in individuals aged ≥2 years (P = .85), with the numbers in children aged <2 years remaining small (3 cases). However, whereas introduction of PCV7 was accompanied by rises in the incidence due to PCV7 + 6 serotypes and NVTs, there was evidence of a decrease in incidence due to NVTs following the introduction of PCV13 in individuals aged ≥2 years (19% per annum; P = .003), with a nonsignificant decline of a similar magnitude in children aged <2 years (15%; P = .54). The incidence of IPD due to NVTs was 4.4 cases/100 000 and 10.8 cases/100 000 for all ages and children aged <2 years, respectively, in 2011-2013.
Changes in the serotype-specific incidence of IPD were consistent across age groups ( Figure 3A-C) . In particular, declines in the incidence of IPD due to PCV7 + 6 serotypes after PCV13 introduction occurred in all ages but were especially noticeable in those <2 and >65 years of age, as were increases in the incidence due to NVTs after PCV7 introduction. Results were similar in hospitals joining the study after 2004 (data not shown).
Data on vaccination were available for all 24 children aged <2 years with IPD caused by a vaccine serotype after the introduction of the conjugate vaccines (Table 2 ). Of 9 children with IPD due to PCV7 serotypes after PCV7 introduction, 4 were not vaccinated (3 were too young), 2 did not receive the complete vaccine schedule (only 1 dose), and 3 experienced vaccine failure. Of the 15 children aged <2 years with IPD caused by the additional serotypes in PCV13 after its introduction, 4 were too young to be vaccinated, 3 received an incomplete vaccine A P value of <.05 was considered statistically significant.
Abbreviations: CI, confidence interval; IRR, incidence rate ratio; NA, not applicable; NVT, nonvaccine serotype; PCV7 + 6, 6 serotypes included in PCV13 but not PCV7. a One case occurred in 2011, and 2 cases occurred in 2012, leading to a positive incidence trend overall.
schedule (1 dose of PCV13), and 6 and 2 with IPD due to serotypes 19A and 7F, respectively, were vaccinated with PCV7 before infection and would not have been protected (Table 2) .
Changes in the Incidence of IPD Caused by NVT Serotypes
We characterized 38 different serotypes not covered in the current PCV13 vaccine (1609 isolates [32.6%]). The 10 most frequent NVTs were serotypes 8, 22F, 12F, 33F, 9N, 11A, 6C, 23A, 15A, and 20 for all ages (Supplementary Table 2 ). Serotype 23B was first observed in 2009; all other NVTs were isolated across the study period. Interestingly, the incidence of IPD due to serotype 6C increased significantly after PCV7 introduction (P < .001); there was marginal evidence supporting a declining incidence after PCV13 introduction (estimated decline, 82% per annum [P = .10]; Table 1 and Figure 4) . The incidence of disease due to serotype 9N decreased by 8% per annum (P = .58) after PCV7 introduction and by 34% per annum after PCV13 introduction (P = .05; Table 1 ). In contrast, significant increases in incidence over the study period were seen for serotypes 10A, 15A, 22F, 23A, 23B, 24F, 33F, 38, and 8. In particular, the incidence of IPD due to serotype 22F
increased by 75% per annum in all ages after PCV7 introduction (P < .001; 
DISCUSSION
Investigation of the IPD incidence in southern England over 17 years, covering the introduction of 2 pneumococcal conjugate vaccines into the childhood immunization schedule for children aged <2 years, illustrates the complex dynamics of this bacterial pathogen. Overall IPD incidence has decreased by approximately 20%, compared with the prevaccine era. The introductions of PCV7 and PCV13 were both followed by similar pronounced declines in IPD caused by serotypes covered by these vaccines in the target population (children aged <2 years), with convincing but somewhat smaller herd effects against these serotypes also demonstrated in individuals aged ≥2 years. Furthermore, we found evidence that PCV7 introduction was accompanied by replacement of PCV7 serotypes with other serotypes causing disease (P < .001). Because of the lower coverage of PCV7 among older persons, a small but significant increase in the overall IPD incidence was thus observed after PCV7 introduction. In contrast, we found no evidence of replacement of the additional 6 serotypes in PCV13 with other NVTs after PCV13 introduction. Thus, the introduction of PCV13 was associated with decreases in IPD in individuals aged ≥2 years and the population as a whole, in comparison to the introduction of PCV7, when the greatest benefit was seen in children aged <2 years. The reasons underlying the significant replacement we observed following only PCV7 but not PCV13 introduction are unclear. Hypotheses include saturation of the ecological niche or a greater effectiveness of PCV13 in preventing infections due to NVTs. Evidence against the latter hypothesis is that both vaccines are conjugated to an identical protein (CRM197) at the same concentration and that both are administered in the same way. Apart from the inclusion of 6 additional serotypes in PCV13, the only difference between this vaccine and PCV7 is that PCV13 also includes 0.02% polysorbate 80 excipient [19] . Recent studies comparing children receiving PCV7 to those receiving PCV13 have not found differential reductions in nasopharyngeal colonization with most serotypes common to PCV7 and PCV13 or with serotype 3 (in PCV13 only) [19] [20] [21] . However, reports are conflicting. In 1 study, PCV13 was associated with a significantly lower serotype 19F acquisition and prevalence and with concomitantly higher geometric mean levels of immunoglobulin G (IgG), compared with PCV7 [19] . No such difference in IgG levels was observed in another, smaller study [11] .
Our limited data on vaccine failure supports the hypothesis that the vaccines do not fully protect against serotype 3 infection, as 2 children who received 2 doses of PCV7 and a single dose of PCV13 subsequently had IPD due to serotype 3. Previous Active Bacterial Core (ABC) Surveillance data also suggested that the incidence of IPD due to serotype 3 was not reduced in children but may be reduced in adults aged 18-49 years [22] . Therefore, a single catch-up dose of either vaccine may not be protective for all individuals. Two IPD cases due to serotype 19F following incomplete vaccination with PCV7 in our study also tentatively support suggestions by Dagan et al [19] that PCV7 does not protect well against serotype 19F infection.
As expected, NVTs now compose more than two-thirds of IPD cases, albeit with an overall incidence that is approximately 20% lower than before PCV7 introduction. Although relative increases are similar, absolute increases in the incidence of IPD caused by NVT serotypes in 2012-2013, compared with that during 1996-1997, were most notable in individuals at greatest underlying risk, namely children aged <2 years and individuals aged >65 years. However, absolute increases were also apparent in individuals aged 50-64 years, as reported elsewhere [20] .
Two groups of specific serotypes demonstrated at least some evidence for cross-reactivity between vaccine serotypes and NVTs. The incidence of IPD due to serotype 6B decreased rapidly following PCV7 implementation in children aged <2 years and individuals aged ≥2 years. In contrast to the ABC cohort, the incidence of IPD due to serotype 6A declined beginning approximately 1 year after PCV7 implementation (Figure 4) , possibly suggesting herd rather than vaccine protection. The incidence due to serotype 6C increased significantly following PCV7 implementation before declining after PCV13 implementation, suggesting no cross-reactivity or herd protection from 6B in PCV7 recipients but some protection from 6A in PCV13 recipients. We also found a decrease in incidence due to serotype 9N after PCV7 introduction and after PCV13 introduction, similar to Millar et al [7] . Both vaccines contain serotype 9V, but neither contain serotype 9N, and there is not currently thought to be any serological cross-reaction between the 2 serotypes. Although the current observation may reflect a natural change in the population rather than a vaccine effect, the similarity between trends in the incidence of IPD due to serotypes 9N and PCV7 serotypes is striking (Table 1) ; if confirmed in non-United Kingdom cohorts, it could indicate broader protection against this serotype.
There are several limitations to our study. Although the surveillance has continued over a prolonged period, it is based in 1 United Kingdom region, representing approximately 5% of the population. Published data from Public Health England (covering the whole United Kingdom) are similar, suggesting our region is reasonably representative. Because only 3 years of surveillance data were available after PCV13 implementation, subsequent trends may differ. Clinical information was limited; information on clinical diagnosis was not always available to the submitting laboratory, and more-severe manifestations (ie, meningitis) may have been preferentially reported, accounting for the higher-than-expected burden of meningitis in our youngest age group. Other than possible cases of vaccine failure, vaccine status was not universally available. Last, our study did not examine circulating carriage strains from the region over the same period. Therefore, it is unclear whether changes in serotype-specific incidences observed in the study result from an impact of the new vaccines on the overall carriage prevalence of the invasive serotypes or result from their innate invasiveness; a separate study is needed to confirm either hypothesis. However, as the diagnostic methods and case ascertainment have remained unchanged throughout the prolonged study period, it is likely that our observations represent a true change in S. pneumoniae epidemiology.
There was no change in penicillin resistance during our study period; similarly, >90% of strains isolated in 2011 remained susceptible to penicillin in a US study [21] . We found clear evidence of a strain-specific impact on the incidence of erythromycin-resistant IPD, an important phenotype in the United Kingdom, where macrolides, including clarithromycin, are used in patients with β-lactam allergy. Although there was a substantial decline in the incidence of erythromycin-resistant IPD after PCV introduction, owing to the serotypes covered by PCV7, this is now increasing again ( particularly in individuals aged ≥2 years). In our study, erythromycin resistance is limited to a small number of serotypes (eg, 6C, 15A, 23A, and 35B), and this increase in is predominantly due to serotypes not contained in any vaccine, most commonly serotype 15A.
Our data to date suggest that PCV13 may be more effective than PCV7 in reducing IPD, because of the former's inclusion of 6 additional serotypes and its prevention of replacement by NVT strains. Given the risk of replacement posed by the substantial pool of NVTs present in the population, serotypespecific surveillance of IPD should be continued to monitor the efficacy of PCV13.
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